SATB1 (special AT-rich sequence binding protein 1) organizes cell type-specific nuclear architecture by anchoring specialized DNA sequences and recruiting chromatin remodeling factors to control gene transcription. We studied the role of SATB1 in regulating the coordinated expression of Il5, Il4 and Il13, located in the 200-kb T-helper 2 (T H 2) cytokine locus on mouse chromosome 11. We show that on T H 2 cell activation, SATB1 expression is rapidly induced to form a unique transcriptionally active chromatin structure at the cytokine locus. In this structure, chromatin is folded into numerous small loops, all anchored to SATB1 at their base. In addition, histone H3 is acetylated at Lys9 and Lys14, and the T H 2-specific factors GATA3, STAT6 and c-Maf, the chromatin-remodeling enzyme Brg1 and RNA polymerase II are all bound across the 200-kb region. Before activation, the T H 2 cytokine locus is already associated with GATA3 and STAT6, showing some looping, but these are insufficient to induce cytokine gene expression. Using RNA interference, we show that on cell activation, SATB1 is required not only for compacting chromatin into dense loops at the 200-kb cytokine locus but also for inducing Il4, Il5, Il13 and c-Maf expression. Thus, SATB1 is a necessary determinant for the hitherto unidentified higher-order, transcriptionally active chromatin structure that forms on T H 2 cell activation.
Chromatin structure is an important determinant of gene activation and silencing that is regulated by various epigenetic processes 1, 2 . The spatial organization of chromatin in the nucleus is another important component of gene regulation 3 . Studies using the chromosome conformation capture (3C) assay 4 , the chromatin immunoprecipitation (ChIP)-loop assay 5 and other approaches have shown that chromatin looping events, which bring distal DNA sequences into close proximity, are correlated with gene expression levels at several loci, including the Hbb 6-10 , Igf2-H19 (refs. 11-13), Igk 14 , Dlx5/Dlx6 (ref. 5) , HoxB1 (ref. 15) and T H 2 cytokine loci 16, 17 .
To understand the mechanisms that underlie tissue-specific gene regulation in the context of the three-dimensional chromatin environment, it is essential to identify the factors that mediate chromatin folding. One factor, SATB1, functions as a cell type-specific 'genomic organizer' . SATB1 is expressed predominantly and at high levels in thymocytes, but its expression is reduced or undetectable in unactivated mature T cells 18, 19 . SATB1 shows a 'cage-like' nuclear distribution in thymocytes (we refer to this distribution as 'SATB1 architecture'), surrounding heterochromatin and anchoring chromatin at specialized DNA sequences to keep it in a folded conformation 20, 21 . Hundreds of anchored loci have been cloned, and the expression levels and patterns of a large number of genes in close proximity to these loci are dysregulated in SATB1-deficient thymocytes 19, 21 . Furthermore, these cells arrest at the CD4 + CD8 + stage of T cell development 19 . SATB1 recruits chromatin remodeling complexes to the anchored sites and thereby regulates the status of histone modification and nucleosomal positioning over longdistance DNA sequences 22 . The anchored sequences have a characteristic 'ATC sequence context' , which is enriched in stretches of DNA sequences containing a mixture of adenine, thymidine and cytosine (but not guanine), on one strand 18 . Such genomic sequences readily become unpaired under superhelical strain and are referred to as base-unpairing regions (BUR) 23 . SATB1 and its homolog SATB2 are expressed in multiple, but restricted, cell types 18, 19, [24] [25] [26] and have been reported to undergo important posttranslational modifications 27, 28 .
On antigen stimulation, naive CD4 + T helper (T H ) cells differentiate into distinct effector cell lineages called T H 1 or T H 2 (ref. 29) . T H 1 cells produce inflammatory cytokines, such as TNF-b and gamma interferon (IFN-g), and promote macrophage-mediated cellular immunity. T H 2 cells produce interleukin 4 (Il4), Il5 and Il13, promoting antibody production by B cells. T H cell differentiation is mediated by signaling proteins, including STAT4 and STAT6, and results in expression of transcription factors such as GATA-3 and c-Maf (in T H 2 cells) or T-bet (in T H 1 cells). In mouse, the genes that encode the T H 2 cytokines Il4, Il5 and Il13 are clustered in a 120-kb region of chromosome 11, and their expression is coordinately regulated. The T H 2 cytokine locus has been studied extensively in investigations into the relationship between chromatin structure and gene expression 30, 31 . Epigenetic changes that occur during T H 2 cell differentiation at this locus include histone acetylation [32] [33] [34] , DNA demethylation 31, 35 and the development of specific DNase I-hypersensitive sites 31, 36 .
The coordinate regulation of Il4, Il5, and Il13 might involve higher-order chromatin structure formation. In fact, long-range intrachromosomal interactions have been reported between the promoters of these genes that bring them into close spatial proximity 16 . This 'chromatin core' or 'pre-poised' conformation has been detected in T, B and non-lymphoid cells. The T H 2 locus control region (LCR) interacts with the T H 2 cytokine promoters to form a 'poised' conformation that occurs in CD4 + T cells and natural killer (NK) cells but not in B cells or fibroblasts. LCRs are long-range regulatory regions that confer tissue-specific enhancer activity and copy numberdependent expression to linked genes 37 . A 25-kb LCR has been identified within the 3¢ half of the 450-kb Rad50 gene, located between Il5 and Il13 (ref. 38) . Among T H 2-specific DNase I-hypersensitive sites in the LCR, a Rad50 hypersensitive site 7 (RHS7) was found to be important for long-range intrachromosomal interactions between the LCR and cytokine gene promoters and for regulating cytokine gene expression 39 . More recently, interchromosomal interactions have been reported between the promoter region of the IFN-g gene on chromosome 10 and the regulatory region of the T H 2 cytokine locus on chromosome 11. This interchromosomal interaction is lost during the differentiation of naive T cells into effector T H cells 17 .
We investigated the three-dimensional transcriptionally active chromatin structure formed by the 200-kb T H 2 cytokine locus in preactivated and activated T H 2 cells. We show that on T H 2 cell activation, the rapid induction of SATB1 is required for expression of Il4, Il5 and I13. Using the recently devised ChIP-loop assay, we analyzed SATB1-associated chromatin loops in activated T H 2 cells and identified a transcriptionally active chromatin configuration, characterized by dense looping, that is fastened by SATB1 at its base. We show that the formation of this transcriptionally active chromatin structure requires SATB1.
RESULTS

Expression of SATB1 on T H 2 cell activation
We examined the role of SATB1 in T cells using the D10.G4.1 conalbumin-specific T H 2 cell clone. When we activated D10.G4.1 cells by conconavalin A (Con A), expression of T H 2-specific cytokine genes, including Il4, Il5, Il10 and Il13, was induced, whereas Kif3a and Rad50, which are located near Il4, Il5 and Il13, were constitutively expressed at low levels (Fig. 1a) . Immunostaining with an antibody to SATB1 (anti-SATB1) showed that SATB1 expression was induced within 30 min of D10.G4.1 cell activation and had a dense, cagelike distribution around heterochromatin (Fig. 1b) , similar to that observed in thymocytes 21 . In contrast to SATB1, the T H 2 cell-specific transcription factor GATA3 was highly expressed in both resting and activated D10.G4.1 cells (Fig. 1b) . In activated D10.G4.1 cells, GATA3 largely colocalized with SATB1 (Fig. 1b) .
Identifying SATB1-bound sequences in the T H 2 cytokine locus SATB1 specifically binds BUR sequences in vitro and in thymocytes and Jurkat lymphoblastic cells 20, 21 . Therefore, we tested whether the SATB1 architecture could fold chromatin across the T H 2 cytokine locus by anchoring BURs within the cluster. We identified and isolated a total of nine SATB1-bound sequences (SBSs; SBS-C1 to SBS-C9) from two BAC clones, encompassing the 200-kb region containing Il5, Rad50, Il13, Il4 and Kif3a (Fig. 2a) . We verified their high affinity to bind SATB1 by a gel-shift assay ( Supplementary Fig. 1 online) . In this 200-kb region, we did not find any additional sequences that bound SATB1 in vitro.
We analyzed the in vivo SATB1-binding status of SBS-C1 to SBS-C9 in activated D10.G4.1 cells by ChIP, using urea gradient-purified, formaldehyde-crosslinked chromatin that was digested with Sau3AI (the urea-ChIP assay) 40 . Semiquantitative and real-time PCR analysis showed that all nine SBSs were immunoprecipitated with anti-SATB1, but not with preimmune serum, from activated D10.G4.1 cells (Fig. 2b) . Control DNA fragments (R1-R8), which did not contain SATB1 target sequences, were undetectable in urea-ChIP fragments isolated with anti-SATB1 (Fig. 2b) . In addition to the nine SBSs, conserved nucleotide sequence-1 (CNS-1) and CNS-2 were also found to associate with SATB1. CNS-1 and CNS-2 are the two most prominent conserved sequences in the cytokine gene cluster region, and they contain T H 2-specific DNase I-hypersensitive sites 41 . However, these sequences lack an SATB1-binding site. SATB1 might bind at the CNS-1 and CNS-2 sites indirectly through other factors in D10.G4.1 cells, as previously observed for the mouse Il2Ra promoter in thymocytes 22 . These data demonstrate that SATB1 binds to nine SBSs, as well as to CNS-1 and CNS-2, in activated D10.G4.1 cells.
Chromosome conformation capture and urea-ChIP-loop assay We next investigated whether SBSs in activated T H 2 cells participate in higher-order packaging of chromatin at the cytokine cluster region. To do so, we used the 3C assay 4 , which indicates whether two remote genomic sequences interact in the nucleus, as well as the ChIP-loop assay 5 ( Supplementary Fig. 2 online) , which examines immunoprecipitated chromatin fragments for chromatin loops. Although both assays are used to study long-range DNA interactions between regulatory elements, in the context of chromatin spatial organization, the ChIP-loop assay allowed us to examine a specific group of chromatin loops that are fastened at their base with a specific protein or that have histone modifications associated with either a b transcriptionally active or transcriptionally silent chromatin 5 . We examined a total of 20 Sau3AI fragments, within which we designed forward and backward primers to screen for chromatin loops, including sites corresponding to all nine SBSs, CNS-1, CNS-2, promoter regions and other intergenic sequences (see Methods and Supplementary Figs. 2 and 3).
Chromatin loop structure changes upon T H 2 cell activation We first used the 3C assay to examine chromatin looping in the 200-kb T H 2 cytokine locus in D10.G4.1 cells before activation. Using total chromatin isolated from these resting cells, we initially analyzed the farthest-spaced SBSs (SBS-C1 and SBS-C9), which are separated by 170 kb (Fig. 3a) , and found that SBS-C1 was spatially juxtaposed with CNS-2 (fragment 15) and SBS-C7 (fragment 16) (Fig. 3b) . We also detected a low-level interaction between SBS-C1 (fragment 2) and SBS-C9 (fragment 20), as indicated by a faint PCR band resulting from the ligation product. A PCR-amplified product between SBS-C1 (fragment 2) and the Il5 promoter (fragment 1) was inevitably generated owing to the very close proximity of the two fragments in a linear configuration; typically two sequences must be 44 kb apart to assess independent looping events. SBS-C9 was linked with the Il5 promoter (fragment 1), with SBS-C2 (fragment 4) and with the 3¢ end of the LCR (including fragments 10 and 11, which are 4 kb apart, and fragment 10, which resides immediately adjacent to RHS7 (refs. 36,39) ; Fig. 3c ). None of the other primer combinations generated ligation products, even after an increased number of PCR cycles (see Methods). These data indicate that the chromatin of resting D10.G4.1 cells contains three-dimensional loops that involve two distal SBSs (SBS-C1 and SBS-C9).
In the 200-kb T H 2 cytokine locus of activated D10.G4.1 cells, chromatin underwent a major change in three-dimensional organization, illustrated by the appearance of many ligation products (Fig. 3b,c) . Using DNA sequencing, we confirmed that these products were derived from ligation of two distal chromatin fragments within this gene locus. Notably, the loop organization detected in SATB1-associated chromatin was markedly similar to that observed in the 3C assay, which examines the entire chromatin pool. In fact, all ligation products detected in the 3C assay were also generated in the ChIPloop assay. However, the ChIP-loop assay uncovered several additional ligation products as well as increased crosslinking frequencies of some common products. These additional ligation products were probably detected because of the increased concentration of SATB1-bound templates in the ChIP-loop assay (see Methods). Our results indicate that in activated D10.G4.1 cells, the chromatin loops that form in the 200-kb region are all bound to SATB1 at their bases.
Furthermore, in activated D10.G4.1 cells, SBS-C1 contacted all four intronic SBSs of Rad50 (SBS-C3, SBS-C4, SBS-C5 and SBS-C6, using fragments 6-9), the Il13 promoter (fragment 12) and CNS-1 (fragment 13), and it also strengthens its interaction with the Il4 promoter (primer 14) and SBS-C9 (fragment 20; Fig. 3b ). In particular, the crosslinking frequency between SBS-C1 and SBS-C9 increased nearly tenfold (from o0.5 to almost 5.0) after D10.G4.1 cell activation. SBS-C9 also made new contacts with all four Rad50 intronic SBSs (fragments 6-9) as well as with the Il13 and Il4 promoters (fragments 12 and 14) (Fig. 3c) . Independent of cell activation status, SBS-C1 remained associated with CNS-2 (fragment 15) and SBS-C7 (fragment 16), and SBS-C9 interacted with LCR (fragments 10 and 11). With SBS-C1 and SBS-C9 as reference points, the results indicate that when D10.G4.1 cells are activated, chromatin in the 200-kb cytokine cluster region is folded into smaller loops that involve remote sequences. Although SBS-C1 and SBS-C9 interact directly with each other, each fragment showed individual differences in crosslinking frequency with other sites: compared with SBS-C1, SBS-C9 has increased crosslinking frequency with the Il13 and Il4 promoters and CNS-1. Furthermore, the 3¢ LCR (fragments 10 and 11) can be ligated to SBS-C9, but not to SBS-C1. The spatial orientation of some of the restriction enzyme-digested ends of crosslinked chromatin might prevent intramolecular ligation. 
SATB1-bound sequences in Rad50 introns form chromatin loops
Of the nine SBSs that lie within the 200-kb T H 2 cytokine locus, four are clustered within the introns of Rad50 (Fig. 4a) , a repair gene that is constitutively expressed at low levels, independent of the cytokine genes. Nevertheless, this large locus contains the LCR and multiple DNase I-hypersensitive sites specific for T H 2 cells 36, 38 . Because SBSs are enriched in Rad50 introns, this gene locus is likely to have a central role in chromatin organization at the T H 2 cytokine locus. In resting D10.G4.1 cells, the Il5, Il4 and Il13 promoters crosslink at low to moderate frequencies with some of the Rad50 SBSs ( Fig. 4b-e) . We detected the Il5 promoter (fragment 1) linked to SBS-C3, SBS-C4 and SBS-C5; the Il4 promoter (fragment 14) linked to SBS-C4, SBS-C5 and SBS-C6 and the Il13 promoter (fragment 12) linked to SBS-C5 and SBS-C6 (more frequently with the latter). SBS-C6, which resides within the LCR, is crosslinked to the Il-13 promoter (fragment 12), CNS-1 (fragment 13) and the 3¢ end of LCR near RHS7 (fragment 10). The expected PCR-amplified product between SBS-C4 and SBS-C5 was generated owing to the linear proximity of fragments 7 and 8. 
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Il4 Kif3a Sept8 Relative crosslinking frequency was calculated as described in Methods. Genomic DNA from cells subjected to 3C assay was amplified with primer pairs from different DNA fragments or S2 and S3 primers of the b-actin locus ( Supplementary Fig. 2 ), and their PCR products are indicated as T H 2 or actin, respectively. As a control used to correct for ligation and amplification efficiencies, a mixture of Sau3AI-digested and ligated BAC DNA covering the 200-kb region and the plasmid DNA containing the b-actin locus was subjected to PCR amplification with primers from DNA fragments in the 200-kb region or with S2 and S3 primers for actin, and their PCR products are indicated as T H 2* or Actin*, respectively. For ChIP-loop assay, IP DNA was premixed with the plasmid DNA containing the b-actin locus to correct for the amount of DNA used in each PCR, and PCR products are indicated as Actin*. Experiments were repeated three times, and s.e.m. for relative crosslinking frequencies is o15% at all points.
In contrast to resting cells, in activated D10.G4.1 cells, we observed a marked reorganization of chromatin containing the intronic regions of Rad50 (Fig. 4b-e) . Both the 3C and ChIP-loop assays uncovered similar crosslinking patterns between each of the Rad50 SBSs and remote sequences. Ligation products formed between all combinations of primers located in these Rad50 SBS fragments, indicating that these SBSs were brought into spatial close proximity, comprising a single core base bound to SATB1. For example, upon cell activation, new ligation products appeared when each of the Rad50 intronic SBS fragments were used as a fixed reference point in both 3C and ChIP loop assays. The interaction of Rad50 intronic SBSs with other gene promoters also strengthened. In contrast to the dynamic looping patterns shown by the Rad50 intronic SBSs before and after activation, fragment 10, located within the LCR, remained connected to SBS-C9 (fragment 20), to the Il4 and Il13 promoters (fragments 14 and 12) and to SBS-C6 (fragment 9). These interactions did not vary substantially between resting and activated D10.G4.1 cells (Fig. 4f) , indicating that this chromatin configuration might serve as a backbone structure for this 200-kb region.
Loops involving promoters increase after T H 2 cell activation
We next examined the spatial interactions between the Il4, Il5, Il13 and Rad50 promoters and other regulatory sequences (Fig. 5) . In resting cells, in addition to interactions shown in Figure 4 , the Il5 promoter contacted SBS-C7 (fragment 16; Fig. 5b ). All three cytokine gene promoters contacted CNS2 (fragment 15; Fig. 5b,d,e) . We detected weak interactions between the Il4 promoter and the Il13 (fragment 12) or Il5 (fragment 1) promoters, but no ligation product formed between the Il5 and Il13 promoters.
On D10.G4.1 cell activation, the Il5 and Il13 promoter regions made new and strong connections (fragments 1 and 12; Fig. 5b) . Additionally, the crosslinking frequencies between the Il5 promoter (fragment 1) and Il4 promoter (fragment 14) or CNS-1 (fragment 13) also increased. The Rad50 promoter, however, did not participate in any looping on D10.G4.1 cell activation (Fig. 5c) . The PCR products between the Rad50 promoter (fragment 3) and SBS-C2 (fragment 4) were amplified in 3C assays owing to their linear proximity. Thus, when D10.G4.1 cells become activated, the Il4, Il5 and Il13 promoter sequences come into close proximity, and the distal SBSs (SBS-C1 and SBS-C9, as well as intronic Rad50 SBS) become clustered (Figs. 4 and 5). Because these sites are mutually linked and chromatin loops can be detected in SATB1-associated chromatin fragments (that is, in the ChIP-loop assay), these loops must be assembled with SATB1 at their base.
GATA3 and STAT6 bind DNA throughout the 200-kb T H 2 locus
To further characterize the SATB1-associated dense loop structure, we explored the binding status of the two T H 2 cell-specific transcription factors, GATA3 and STAT6, at the specific positions in the 200-kb locus indicated in Figure 6a . Both GATA3 and STAT6 are required for the T H 2 cell-specific lineage commitment [42] [43] [44] . We performed real-time PCR, using the same 24 primer sets shown in Figure 2 , on urea gradient-purified, crosslinked chromatin fragments. We found that GATA3 bound to multiple sites within the 200-kb region in resting D10.G4.1 cells, including all promoters and most of the SBSs, and its binding pattern was not significantly different from that of activated D10.G4.1 cells (Fig. 6b) . However, upon cell activation, GATA3 binding to the CNS-1, Il13 and Il4 promoters increased. Similar to GATA-3, STAT6 bound at multiple positions throughout the 200-kb region in resting D10.G4.1 cells, but it increased in binding to SBS-C6 and SBS-C7 on cell activation (Fig. 6c) .
c-Maf and RNA polymerase II bind the activated 200-kb locus We examined the DNA binding pattern of the transcription factor c-Maf, which is specifically expressed in T H 2 cells and induced on activation to mediate Il4 expression 45 . Our analysis showed that the c-Maf protein was recruited to the 200-kb region after D10.G4.1 cell activation. In activated cells, we detected c-Maf binding at all sites examined in the 200-kb region, except for R2 (primer set 10) and R5 (primer set 14) (Fig. 6d) . This broad-spectrum binding pattern of c-Maf was unexpected because of its previously characterized specific regulation of Il4 gene expression and its in vivo binding to the Il4 promoter. We observed that c-Maf bound strongly to the Il4 promoter region (primer sets 17 and 18), as well as the Il5 and Il13 promoters and all SBSs. We also examined the binding of RNA polymerase II to the 200-kb locus and found that its binding increased greatly on D10.G4.1 cell activation (Fig. 6e) . Like c-Maf, RNA polymerase II bound multiple positions throughout the 200-kb region, with many binding sites in common. On cell activation, both factors tightly bound the R3 region (primer set 12), the Il4 promoter region (primer sets 17 and 18) and SBS-C7 and SBS-C8. Immunostaining analysis ( Supplementary Fig. 4 online) and protein blot analysis (data not shown) showed that although the overall level of RNA polymerase II bound to the 200-kb region increased greatly after D10.G4.1 cell activation, there were no changes in RNA polymerase II protein levels after activation, indicating that RNA polymerase II was already present in resting cells and was recruited to the 200-kb locus on T H 2 cell activation. We found that RNA polymerase II, c-Maf, Brg1 and GATA3 colocalized extensively with SATB1 in activated cell nuclei (Supplementary Fig. 4 ).
Increased histone acetylation and Brg1 binding at the locus
In resting cells, we found Brg1, a chromatin-remodeling ATPase subunit of the BAF complex 46 , bound to the transcriptionally silent chromatin at the T H 2 cytokine locus. On cell activation, the binding of Brg1 increased significantly (two-to tenfold) at many positions within the 200-kb region, such as at SBS-C2 through SBS-C5, CNS1, CNS-2 and all promoters (Fig. 6f) .
In transcriptionally active chromatin, histone H3 is acetylated at Lys9 and Lys14 (K9/14) 1 . We examined the histone acetylation status at the cytokine gene locus with an antibody against histone H3 acetylation at K9/14. We found a marked increase in the level of histone H3 acetylation in activated cells (Fig. 6g) , especially at SBS-C6. Before activation, all sites examined within the 200-kb region already had some histone H3 acetylation at K9/14, but none of the 24 sites contained histone H3s that were methylated at Lys9 (a characteristic of silent chromatin, data not shown). Therefore, we observed a marked increase in histone H3 acetylation at K9/14 on cell activation, although this locus had some histone H3 acetylation before activation.
SATB1 is required for chromatin looping and transcription
Using an RNA interference (RNAi) strategy 47 , we examined whether SATB1 was required for induction of Il4, Il5 and Il13 expression on D10.G4.1 cell activation. We stably transfected D10.G4.1 cells with a construct that expresses a short hairpin RNA (shRNA) against Satb1 (D10.G4.1-Satb1-shRNA cells). When these cells were activated with Con A, SATB1 expression was o10% of that in wild-type D10.G4.1 cells (Fig. 7a ). An RNase protection assay showed that the mRNA transcripts for Il4, Il5, Il13 were either absent or were substantially reduced in the D10.G4.1-Satb1-shRNA cells, whereas levels of other transcripts, such as L32 and Gapdh mRNA, were unaltered (Fig. 7b) . The effects of Satb1 shRNA were most pronounced on Il4 levels; we did not detect any Il4 transcript in D10.G4.1-Satb1-shRNA cells. Levels of Il5 and Il13 transcripts were also greatly reduced in D10.G4.1-Satb1-shRNA cells, indicating that SATB1 is necessary for the coordinate transcription of Il5, Il4 and Il13 upon D10.G4.1 cell activation.
We tested whether the absence of the Il4 transcript in Con A-treated D10.G4.1-Satb1-shRNA cells might be due to the absence of c-Maf in these cells. Immunostaining analysis of c-Maf protein levels after cell activation showed that this was true; c-Maf was not induced in Con A-treated D10.G4.1-Satb1-shRNA cells (Fig. 7c) . We conclude that SATB1 is necessary for induction of c-Maf and the subsequent activation of Il4 transcription.
Finally, we sought to determine whether SATB1 is required for 'new loop formation' associated with the transcriptionally active chromatin (Fig. 7d) . Using the 3C assay, we analyzed the loops that emanated from SBS-C1 and SBS-C9 in both wild-type and D10.G4.1-Satb1-shRNA cells. We found that SATB1 is indeed required for the loop formation upon activation. Using SBS-C1 and SBS-C9 as fixed reference points, the loop patterns that formed in chromatin from the D10.G4.1-Satb1-shRNA cells (Fig. 7d) were similar to those observed in resting D10.G4.1 cells (Fig. 3) . These results show that SATB1 is required to fold chromatin into a three-dimensional, active chromatin configuration.
DISCUSSION
We describe a SATB1-dependent, transcriptionally active chromatin structure that forms in the cytokine gene cluster region of mouse chromosome 11 upon activation of T H 2 cells. We show that SATB1, which is rapidly induced upon T H 2 cell activation, is required for folding of chromatin into numerous small-size loops across the 200-kb cytokine gene region, for induction of c-Maf protein and for transcription of Il4, Il5 and Il13.
Previous studies have addressed the relationship between higherorder chromatin structure and gene regulation at the T H 2 cytokine locus covering a 120-kb region that included Il5, Rad50, Il4 and Il13 (ref. 16 ). The authors used 3C assays and compared looping events among multiple cell types. They detected a 'pre-poised' looping configuration common in all the cell types examined and a 'poised' Il5 promoter Il13 promoter Il4 promoter Rad50 promoter SBS-C1  SBS-C2  SBS-C3  SBS-C4  SBS-C5  SBS-C6  SBS-C7  SBS-C8  SBS-C9  CNS-1  CNS-2  LCR  R1  R2  R3  R4  R5  R6  R7  R8   2 3 4  5 6 7 8 9 10  11 12 13 14 15 16 17 18 19 20 21  22  23 configuration specific to T cells and NK cells. They also showed that the T H 2 cell-specific factors STAT6 and GATA3 are important for the interaction of the LCR with the cytokine gene promoters in this 'poised' state. Our present study, focusing on SATB1 target sequences (SBSs), uncovers another level of chromatin folding that is induced only upon activation of T H 2 cells, and this structure is competent for cytokine gene expression. Active and silent gene expression states can be characterized by various epigenetic marks and accessibility to nuclease and transcription factors 1, 2, 46 . We compared active and silent higher-order chromatin states by examining looping events and the in vivo status of protein binding in resting and activated T H 2 cells, covering a 200-kb region including the previously studied 120-kb region. Notably, even in unactivated T H 2 cells, the transcriptionally silent 200-kb T H 2 cytokine locus is already bound to GATA3, STAT6 and Brg1 and, albeit at lower levels than in active chromatin, is associated with acetylated histone H3 at K9/14, normally a mark for active chromatin. Furthermore, the LCR of this locus was in the 'poised state' , in which the LCR at the 3¢ of Rad50 interacts with the cytokine gene promoters. Notably, these features are not sufficient to induce cytokine gene expression; SATB1 must be expressed and mediate formation of a higher-order transcriptionally active chromatin structure at this locus containing RNA polymerase II and c-Maf. On activation, we observed elevated H3 acetylation at K9/14, an increased association with Brg1 and, most notably, association with RNA polymerase II and c-Maf at the T H 2 cytokine locus. In light of the role of SATB1 in recruiting chromatin-modifying and remodeling factors to specific regions of chromatin 22 , perhaps tethering the cytokine gene locus onto the SATB1 architecture triggers the recruitment of RNA polymerase II, c-Maf and Brg1.
Upon D10.G4.1 cell activation, SATB1 binds to multiple SBSs in the cytokine gene cluster and folds chromatin into many small loops. This dense looping spatially connects individual SBSs with promoters and regulatory sequences of multiple genes, and individual loop bases converge onto a common 'core base' associated with SATB1. The densely looped structure formed in cis, and not in trans, between the homologous sister chromosomes, as shown by FISH analysis ( Supplementary Fig. 5 online) . We propose that this transcriptionally active form of chromatin resembles a three-dimensional, ribbon-like structure fastened at the base by SATB1. Rad50 intronic sequences enriched in SBSs have important roles in folding chromatin. Our observations of numerous amplified ligation products in both the 3C and SATB1 ChIP-loop assays are consistent with such a SATB1 core base model (Fig. 8a,b) .
Using RNAi, we have shown that SATB1 is required for formation of this dense-loop configuration. When SATB1 expression is reduced by more than 90%, chromatin of D10.G4.1 cells do not form a denseloop structure upon activation, and they maintain the same structure found in resting cells. Furthermore, Il4, Il5 and Il13 expression is not induced, supporting the notion that three-dimensional chromatin structure is an important component of transcription. Furthermore, SATB1 is required for induction of c-Maf, which is essential for Il4 expression. Thus, SATB1 regulates expression of Il4, Il5 and Il13 in multiple ways.
The urea-ChIP assay gives a 'snapshot' of events in a population of cells at a given time. Therefore, it is possible that individual cells contain different subsets of looping events and that an increased variety of looping events occurs during cellular activation. This possibility cannot be addressed owing to technical limitations. However, an increased variation in looping events would not necessarily increase efficiency of transcription. To better interpret the structurefunction relationship for transcriptionally active chromatin, we propose that the advantage of folding the chromatin into small, dense loops is that it reduces the total physical volume it occupies, thereby increasing accessibility of specific chromatin regions to transcriptional regulatory factors. This structure would promote the coordinate and efficient expression of multiple genes in a cluster by bringing distal regulatory sequences into close proximity. Even though small bundles of loops form within individual cells, there might also be a timedependent interaction of factors with individual genomic sequences. It has been proposed previously that the transcriptional machinery is anchored to the nuclear skeleton and that DNA revolves through the stable transcriptional machinery during transcription 48 . In this situation, RNA polymerase II and other factors anchored in transcriptional complexes could interact with different genomic sequences as DNA is SBS-C1 (DNA fragment 2) and SBS-C9 (DNA fragment 20) (red stars) were used as fixed reference points in this 3C assay. The 3C assay was performed in the identical manner as described in Figure 3 , except that here we used D10.G4.1-Satb1-shRNA cells, whereas in Figure 3 , we used parental D10.G4.1 cells.
continuously reeled into the core structure, which remains anchored to the SATB1 architecture. Alternatively, the RNA polymerase II/ transcription factor complex might track along the DNA fiber. The third possibility is that RNA polymerase II and other regulatory factors have very fast on-off rates, as unexpectedly shown for RNA polymerase I, glucocorticoid receptors and other factors, so their function could depend on productive collision 49 . In any of these three possible situations, compacting genomic sequences into a small volume would allow for a more efficient, dynamic interaction between DNA sequences and transcriptional regulatory factors. We propose that SATB1 provides nuclear focal points that allow for the efficient assembly of the three-dimensional chromatin architecture for rapid transcriptional induction.
METHODS
Cloning of SATB1-binding sequences. We cloned SATB1-binding sequences in vitro from the mouse T H 2 cytokine locus using following procedures. We digested two T H 2 BAC DNA clones (CT7-AAAIA8(LBNL M01) and CT7-219O10(LBNL M02)) with Sau3AI and incubated 10 mg of BAC DNA fragments with 10 nM glutathione S-transferase (GST)-fused SATB1 (amino acids 365-763) for 25 min at room temperature (20-22 1C) in the presence of 10 ng/ml poly(dI-dC)-poly(dI-dC) and 2.5 mg/ml BSA in buffer C (10 mM HEPES, pH 7.9; 50 mM KCl; 10% glycerol; 2.5 mM MgCl 2; 1 mM DTT). We incubated the above reaction mixture with glutathione Sepharose 4B beads (Amersham Biosciences) for 20 min at room temperature and washed the DNA on beads four times with buffer C. We then incubated beads with elution buffer (20 mM glutathione, 50 mM Tris-HCl, pH 8.0) for 10 min at room temperature to elute the DNA from the beads, extracted DNA with phenol-chloroform and precipitated DNA with ethanol in the presence of glycogen. To clone DNA fragments that bind SATB1 from the T H 2 cytokine locus, we performed ligation-mediated PCR (LM-PCR) for the DNA with 20-25 cycles of PCR amplification. We cloned the PCR products to pBluescript and determined the sequences. We performed a gel mobility-shift assay to estimate the dissociation constant (K d ) for each of the SATB1-binding sequences ( Supplementary Fig. 1 ).
Culture of D10.G4.1 cells. We obtained mouse D10.G4.1 conalbumin-specific type 2 helper T-cell clone, derived from the AKR./J mouse 50 , from American Type Cell Collection, and maintained them as described 50 , with minor modifications. We stimulated D10.G4.1 cells twice monthly with irradiated syngeneic splenocytes from I-A k and conalbumin or irradiated splenocytes from I-A b . Antigen presenting cells (APC) were added to D10.G4.1 cell at a ratio of 10:1, and cells were resuspended in RPMI-1640 supplemented with FCS and 10 units (U)/ml recombinant interleukin (rIL)-2. We harvested cells 2 weeks after stimulation as 'resting' D10.G4.1 cells. For D10.G4.1 activation, we added 5 mg/ml ConA added to culture medium.
RNase protection assay. We prepared total RNA from resting D10.G4.1 cells and activated D10.G4.1 cells 6 h and 24 h after ConA (Sigma) treatment. We performed RNase protection assay using 10 mg total RNA per reaction with Riboquant Kit (BD Biosciences) according to the manufacturer's protocol. We used Mouse Cytokine Multiprobe Template (BD Biosciences) supplemented with Rad50 and Kif3a cDNA for antisense RNA to prepare 32 P-labeled RNA antisense probes using an in vitro transcription kit (BD Biosciences). We cloned Rad50 and Kif3a cDNA fragments into the PCR2.1-TOPO vector (Invitrogen) using oligomers as described in Supplementary Figure 3 . The antisense riboprobes for Rad50 and Kif3a generated by the in vitro transcription gave free probes of lengths 541 bases and 711 bases, respectively, and contained 452 bases of Rad50 sequence and 622 bases of Kif3a sequence. The 32 P-labeled RNA duplexes were analyzed by electrophoresis in 6% (wt/vol) polyacrylamide/8M urea gels.
Immunofluorescence staining. We fixed D10.G4.1 cells with 4% paraformaldehyde and incubated the cells with rabbit anti-SATB1 (1583) 18 and mouse monoclonal anti-GATA3 (Santa Cruz Biotechnology), mouse monoclonal anti-RNA polymerase II (Abcam), rabbit anti-c-Maf (Santa Cruz), rabbit anti-STAT6 (Santa Cruz) and rabbit anti-Brg1 (Santa Cruz). We subsequently incubated cells with Alexa 488-conjugated goat anti-mouse IgG and/or Alexa 594-conjugated goat anti-rabbit IgG (1:400) (Invitrogen). DNA was stained with DAPI (Sigma). We collected images by a DeltaVision microscope and processed them with SoftWoRx (Applied Precision).
ChIP. To determine if any specific DNA sequences are bound to SATB1 in vivo, we performed urea-ChIP following the previously described procedure 20, 40 . Briefly, we used formaldehyde to crosslink chromatin in resting and activated D10.G4.1 cells. We then purified cross-linked genomic DNA using ureagradient ultracentrifugation. assuming that all looping events can occur in a single cell. In this model, all small loops converge on a common core base bound to SATB1 (blue spheres). As a consequence, the total physical volume of the active transcriptional complex is reduced, enhancing the accessibility of factors to genomic sites. Based on the urea-ChIP data (Fig. 2) , which demonstrated that SATB1 binds predominantly to BURs in the 200-kb region and not in additional sites such as promoters, it is possible that at a given time point when chromatin was crosslinked, a large number of cells have SATB1 bound to BURs but that only a small subfraction of cells form the densely looped structure, giving rise to difference in the DNA template levels for PCR amplification. An alternative explanation is that indirect binding by SATB1 is much weaker than its direct binding and cannot be captured efficiently, thus requiring increased PCR amplification for detection.
anti-SATB1 antibody (1583) 18 and rabbit anti-acetylated H3 Lys9/14 (Upstate); mouse anti-RNA polymerase II (Abcam) and rabbit anti-c-Maf, mouse anti-GATA3, rabbit anti-STAT6 and rabbit anti-Brg1 (Santa Cruz Biotechnology), with pre-immune rabbit serum as a control. We reversed the crosslinking of ChIP samples with 100 mg/ml RNase A and 250 mg/ml proteinase K digestion overnight, followed by incubation at 68 1C for 6 h. We quantified immunoprecipitated (IP) DNA and input DNA, after reversing crosslinking, using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen). We performed real-time PCR on IP DNA using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) on an ABI 7500 Fast Real-Time PCR System (Applied Biosystems). We employed an absolute quantification method to determine the amount of target DNA fragments from the T H 2 cytokine locus in IP DNA using the standard curve generated by real-time PCR for each primer pair from input DNA 7 . We carried out real-time PCR in triplicate to sextuplicate using the following conditions: 50 3C assay and ChIP-loop assay. We performed the chromatin conformation capture (3C) assay essentially as described 4 , except that we used crosslinked chromatin purified with urea gradient ultracentrifugation, as previously described 40 . We combined ChIP and the 3C assay to perform the ChIP-loop assay 5 ( Supplementary Fig. 2 ) as follows.
(i) In vivo crosslinking. We incubated 1 Â 10 8 D10.G4.1 cells in RPMI-1640 culture medium with 1% buffered formaldehyde at 37 1C for 10 min and then at 4 1C for 2 h. After crosslinking, we washed the cells twice with ice-cold PBS and then lysed them in a solution of 4% SDS in 10 mM Tris, pH 8.0 and 1 mM EDTA.
(ii) Urea gradient ultracentrifugation. We purified crosslinked DNA and proteins from uncrosslinked free proteins by centrifugation at 30,000 r.p.m. for 16 h in a Beckman SW41 rotor, through a gradient of 5-8 M urea prepared in 10 mM Tris (pH 8.0) and 1 mM EDTA. We collected crosslinked chromatin at the bottom of the urea gradient and dialyzed it overnight against 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA and 5% glycerol.
(iii) Immunoprecipitation. We digested 60 mg DNA of crosslinked chromatin with Sau3AI in 500 ml of reaction buffer at 37 1C overnight. We used 20 ml of the sample to purify DNA and confirmed by agarose gel electrophoresis that undigested high-molecular weight chromatin was absent. We added 1% Nonidet P-40 (NP-40) to the remaining sample of digested chromatin and precleared the sample by incubation (1 h at 4 1C with rotation) with 50 ml of a 50% suspension of protein A Sepharose 4B beads (Sigma). We removed beads by brief centrifugation and repeated preclearing of crosslinked chromatin by adding 10 ml of preimmune serum and incubating at 4 1C for 1 h, followed by incubation with 50 ml of protein A-Sepharose 4B beads at 4 1C for 1 h with rotation. After centrifugation, we incubated precleared chromatin with preimmune rabbit serum with anti-SATB1 at 4 1C for 4 h and then incubated the mixture with protein A Sepharose 4B beads at 4 1C overnight with rotation. We washed beads four times with 1.0% NP-40 in PBS and two times with washing buffer (10 mM Tris-HCl (pH 8.0), 0.25 M LiCl, 0.5% NP-40, 0.5% DOC and 1 mM EDTA).
(iv) Ligation. We ligated DNA by resuspending the beads with ChIP DNA in 50 ml ligation buffer and incubated the mixture overnight at 16 1C with T4 DNA ligase.
(v) Reversal of crosslinking. We digested the samples sequentially with 100 mg/ml RNase A and 250 mg/ml proteinase K, treated them at 68 1C for 6 h to reverse crosslinking and subjected them to phenol/chloroform extraction followed by ethanol precipitation.
(vi) PCR amplification. We designed two primers (forward and backward) in each of Sau3AI DNA fragments 2-19, as well as a forward primer in DNA fragment 1 and a backward primer in DNA fragment 20. Sequences for these primers are shown in Supplementary Figure 3 . Using a combination of forward and backward primers from different DNA fragments, we amplified ligated DNA with AmpliTaq Gold polymerase (Applied Biosystems) as follows: one cycle at 94 1C for 9 min; 35-40 cycles at 94 1C for 30 s, 58 1C for 40 s and 72 1C for 30 s; followed by one cycle at 72 1C for 5 min. The purification of crosslinked chromatin through urea gradient centrifugation allows more quantitative digestion with Sau3AI. Therefore, the pattern of ligation products remain unchanged even after an additional 10-20 cycles of PCR amplification. We confirmed all the ligation products by cloning the PCR products followed by DNA sequencing of the insert.
To correct for differences in crosslinking, ligation, PCR amplification efficiencies or sample loading, we prepared a control template set with DNA fragments from the T H 2 cytokine locus and from the b-actin locus. For preparing the T H 2 cytokine locus control template, we digested the two BAC clones containing DNA derived from the T H 2 cytokine locus with Sau3AI and religated them with T4 ligase at a DNA concentration of 100 ng/ml. All possible ligation products were present in the sample (data not shown). To prepare the b-actin locus control template, we cloned a DNA fragment from the actin locus using S1 and S4 primers with a TA cloning kit (Invitrogen). We designed additional primers, S2 and S3, from two closely located neighboring fragments in the b-actin locus so that the PCR amplification occurs reproducibly ( Supplementary Fig. 2 ). The Sau3AI fragments between primers S2 and S3 are separated by 686 bp. Upon Sau3AI digestion and ligation, a PCR product of 149 bp is generated. As a control, we mixed equimolar amounts of b-actin with T H 2 BAC control DNA templates, followed by digestion and religation. To correct for the amount of genomic DNA used for the 3C assay, we added actin primers S2 and S3 in religated DNA templates derived from D10.G4.1 crosslinked chromatin. For the ChIP-loop assay, we added the plasmid DNA containing the actin locus in the original IP DNA to correct for the amount of the starting DNA template used. We confirmed that premixing of primers had no effects on the final PCR products (Supplementary Fig. 2) . We labeled the PCR products by including 0.1 ml [a-32 P]dATP (10 mCi/ml) and 0.1 ml [a-32 P]dCTP (10 mCi/ml) in each reaction and resolved them by electrophoresis on a 6% polyacrylamide gel. We quantified PCR products using a Storm phosphoimager and ImageQuant software (Amersham Biosciences). For the 3C assay, we measured the signal of each reaction from D10.G4.1-derived and control religated DNA templates (described above), and we calculated the relative crosslinking frequency using the formula illustrated in Supplementary  Figure 2 , which corrects for any differences in PCR amplification efficiencies, crosslinking and ligation efficiencies and the amounts of the templates. We used 20 ng of DNA for the 3C assay and B1 ng of IP DNA for the ChIP-loop assay. For the ChIP-loop assay, relative crosslinking frequency was calculated a the similar manner as for the 3C assay. In addition to Sau3AI-digested chromatin, we also used chromatin digested with both BamH1 and BglII to confirm the results obtained with the Sau3AI fragments. We used BamH1BglII-digested fragments (A through S) that are located in the similar positions as Sau3AI fragments for 3C and ChIP loop experiments ( Supplementary  Fig. 2 ). For the control b-actin template, we cloned a DNA fragment using B1 and B4 primers ( Supplementary Fig. 2 ). The BamH1BglII-digested fragments between primers B2 and B3 are separated by 484 bp, and after digestion followed by ligation, a PCR product of 131 bp is produced. Information on primer sequence and fragment size is shown in Supplementary Figure 3 . All experiments performed for the 3C assay and ChIP-loop assay were repeated a minimum of three times, and the data shown are the mean of multiple experiments. Standard errors were within 15% of the values shown in the figures.
shRNA transfection. We transfected D10.G4.1 cells with 2 mg PSM2c plasmids 47 containing the SATB1 shRNA (5¢-AATACAAGGCATTTGTTGGCAT-3¢ and 5¢-GCCAACAAATGCCTTGTATT-3') or with nonsilencing shRNA by electroporation using the Nucleofector II Device (Amaxa). We selected stable transfected cells by growing D10.G4.1 cells in the presence of 10 mg/ml puromycin (Sigma).
Protein blotting. We prepared whole protein from D10.G4.1 cells at 0 and 24 h after Con A treatment. We resolved protein on 10% SDS-PAGE and electrotransferred protein to an Immobilon-P membrane (Millipore). We blocked the membrane with 1% gelatin in TBS plus 0.1% Tween 20 (TBST) (incubated overnight at 4 1C). We probed the membrane with a rabbit polyclonal antibody
